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Abstract: We report single crystal XRD and MicroED structure, magnetic susceptibility, and EPR data of a series of CaMn3IVO4 and YMn3IVO4 
complexes as structural and spectroscopic models of the cuboidal subunit of the OEC. The effect of changes in heterometal identity, cluster 
geometry, and bridging oxo protonation on spin state structure was investigated. Importantly, we show that the spin ground state of 
CaMn3IVO4 complexes and variants with protonated oxo moieties need not necessarily be S = 9/2. Desymmetrization of the pseudo-C3 
symmetric Ca(Y)Mn3IVO4 core leads to a lower S = 5/2 spin ground state. The magnitude of the magnetic exchange coupling is attenuated 
upon oxo protonation, and an S = 3/2 spin ground state is observed in CaMn3IVO3(OH). Our studies complement the observation that the 
interconversion between the low spin and high spin forms of the S2 state is pH dependent, suggesting that (de)protonation of bridging or 
terminal oxygen atoms in the OEC may be connected to spin state changes. 
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Reactions were performed in an N2-filled glovebox. Glassware was oven dried at 150 oC for at least 2 hours prior to use, and allowed 
to cool under vacuum. All reagents were used as received unless otherwise stated. Anhydrous tetrahydrofuran (THF) was purchased 
from Aldrich in 18 L Pure-PacTM containers. Anhydrous MeCN and THF were purified by sparging with nitrogen for 15 minutes and 
then passing under nitrogen pressure through a column of activated A2 alumina. CDCl3 and C6D6 were purchased from Cambridge 
Isotope Laboratories. C6D6 was dried over Na benzophenone, degassed by three freeze-pump-thaw cycles and vacuum-transferred 
prior to use. 1H NMR spectra were recorded on a Varian 300 or 500 MHz instrument, with shifts reported relative to the residual 
solvent peak. Complexes 1-Ca, 2-Ca, 3-Ca, and 2-Y were synthesized according to published procedures.[1-3] 
 
 
Synthesis of H2diam 
 
 
A stirring CH2Cl2 solution of 2,2’-(ethylenedioxy)bis(ethylamine) (1 mL, 6.8 mmol, 1 equiv) and triethylamine (4 mL, 28.7 mmol, 4.2 
equiv) was cooled to 0 °C in an ice-water bath and was treated with 2,4,6-trimethylbenzoyl chloride (2.32 mL, 13.9 mmol, 2.04 equiv) 
dropwise, resulting in an exothermic reaction and immediate precipitation of a colorless solid. After the addition was complete, the 
reaction mixture was warmed to room temperature and allowed to stir for 16 hours. Water was added, and the organic layer was 
separated, washed with saturated aqueous NaHCO3, washed with brine, dried over anhydrous MgSO4, and filtered. Volatiles were 
removed under reduced pressure, and the residue was washed with copious amounts of hexanes and Et2O to yield the desired 
compound as a colorless powder. Yield: (2.49 g, 83 %).  
 
1H NMR (500 MHz, CDCl3): δ 6.80 (s, 4H), 5.98 (bs, 2H), 3.64−3.60 (overlapping m and s, 8H), 3.56 (m, 4H), 2.25−2.24 (overlapping 
s, 18H) ppm.  
13C NMR (125.7 MHz, CDCl3): δ 170.65, 138.60, 135.01, 134.22, 128.30, 70.35, 69.98, 39.38, 21.20, 19.15 ppm. 
HRMS (FAB+): calculated for C26H36N2O4: 440.5840; found: 441.2746 [M+H] 
 
 
Figure S1. 1H NMR of H2diam in CDCl3. 
 









Synthesis of 4-Ca 
 
 
To a stirred suspension of 1-Ca (252 mg, 0.18 mmol, 1 equiv) in THF (10 mL) was added H2diam (89 mg, 0.20 mmol, 1.1 equiv). 
After stirring the reaction mixture at room temperature for 5 minutes, sodium tert-butoxide (43 mg, 0.45 mmol, 2.5 equiv) was added 
and additional THF was added to adjust the volume of the reaction to 20 mL. After stirring the reaction at room temperature for 16 
hours, the reaction mixture became homogenous. All volatiles were removed under reduced pressure, and the solid residue was 
triturated with pentane (3 mL). The solid was collected on a pad of Celite, rinsed with more pentane, and extracted with benzene. All 
volatiles were removed from the filtrate under reduced pressure, yielding 4-Ca as a red-brown powder. Yield: 182 mg, 62%. Crystals 
suitable for X-ray crystallography were obtained from a slow vapor diffusion of Et2O into a concentrated solution of 4-Ca in benzene.  
 
1H NMR (300 MHz, C6D6): δ 94.4, 81.2, 20.3, 13.7, −14.7, −16.2, −16.7 ppm.  

































A suitable crystal of 4-Ca was mounted on a nylon loop using Paratone oil, then placed on a diffractometer under a nitrogen stream. 
X-ray intensity data were collected on a Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS detector employing Cu-Kα radiation 
(λ = 1.54178 Å) at a temperature of 100 K. All diffractometer manipulations, including data collection, integration and scaling were 
carried out using the Bruker APEX3 software. Using Olex2, the structures were solved by direct methods using ShelXT and refined to 
convergence by full-matrix least squares minimization using ShelXL. All non-solvent non-hydrogen atoms were refined using 
anisotropic displacement parameters. Hydrogen atoms were placed in idealized positions and refined using a riding model. Graphical 




Table S1. Metal-oxo distances (Å) in selected complexes. Bold distances for emphasis. 
 
 1-Ca[2] 1-Y[4] 1-Gd[5] 2-Y[3] 2-Gd[1] 3-Ca[1] 4-Ca 
Ca/Y-O(1) 2.431(2) 2.432(2) 2.424(2) 2.308(2) 2.319(5) 2.401(5) 2.450(3) 
Ca/Y-O(2) 2.391(2) 2.335(2) 2.377(2) 2.396(2) 2.443(4) 2.513(5) 2.412(2) 
Ca/Y-O(3) 2.430(2) 2.389(2) 2.458(2) 2.422(3) 2.445(4) 2.468(5) 2.398(3) 
        
Mn(1)-O(1) 1.864(2) 1.840(2) 1.876(2) 1.863(3) 1.853(5) 1.926(5) 1.861(3) 
Mn(1)-O(2) 1.837(3) 1.874(2) 1.842(2) 1.882(2) 1.885(5) 1.842(6) 1.835(3) 
Mn(1)-O(4) 1.912(2) 1.909(2) 1.907(2) 1.941(3) 1.945(4) 1.945(5) 1.921(2) 
Mn(2)-O(1) 1.833(2) 1.875(2) 1.842(2) 1.875(3) 1.871(5) 1.943(5) 1.829(3) 
Mn(2)-O(3) 1.863(3) 1.839(2) 1.875(2) 1.849(2) 1.853(5) 1.811(5) 1.885(3) 
Mn(2)-O(4) 1.907(2) 1.901(2) 1.909(2) 1.946(3) 1.946(4) 1.958(5) 1.919(2) 
Mn(3)-O(2) 1.869(2) 1.844(2) 1.875(2) 1.836(3) 1.844(4) 1.830(5) 1.870(3) 
Mn(3)-O(3) 1.828(2) 1.877(2) 1.841(2) 1.869(3) 1.857(4) 1.863(5) 1.838(3) 
Mn(3)-O(4) 1.913(3) 1.912(2) 1.916(2) 1.906(2) 1.895(5) 1.893(5) 1.913(3) 
        
Mn(1)-Mn(2) 2.833(1) 2.822(1) 2.821(1) 2.882(1) 2.870(1) 2.968(2) 2.833(1) 
Mn(1)-Mn(3) 2.830(1) 2.829(1) 2.829(1) 2.836(1) 2.837(2) 2.828(2) 2.818(1) 
Mn(2)-Mn(3) 2.839(1) 2.820(1) 2.826(1) 2.840(1) 2.837(2) 2.841(2) 2.838(1) 
 
 
Table S2. Mn-O-Mn angles in selected complexes. 
 1-Ca 2-Y 3-Ca 
Mn(1)-O(1)-Mn(2) 99.72(1) 100.88(1) 100.19(2) 
Mn(1)-O(4)-Mn(2) 95.48(1) 95.58(1) 99.01(2) 








Empirical formula C93H96CaMn3N8O15 
Formula weight 1770.67 
Temperature/K 100.0 
Crystal system triclinic 












Crystal size/mm3 0.8 × 0.5 × 0.4 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection/° 6.198 to 160.604 
Index ranges -19 ≤ h ≤ 20, -20 ≤ k ≤ 19, -24 ≤ l ≤ 22 
Reflections collected 131888 
Independent reflections 18310 [Rint = 0.0631, Rsigma = 0.0376] 
Data/restraints/parameters 18310/12/1052 
Goodness-of-fit on F2 1.029 
Final R indexes [I>=2σ (I)] R1 = 0.0697, wR2 = 0.1756 
Final R indexes [all data] R1 = 0.0805, wR2 = 0.1834 










MicroED samples  of 2-Ca were prepared as described[6] with the exception of the treatment of powder samples. Initially, powder 
samples were prepared after shaking pre-clipped TEM grids (lacey carbon Cu 300 mesh, Ted Pella) together with synthesized 
powder samples in transparent vials. However, TEM bright field images revealed that the particles were aggregated (Figure S5). 
Addition of typical solvents for TEM sample loading, such as hexane or ethanol, could not satisfactorily disperse these aggregates. 
Other solvents, such as dimethylformamide, dissolved the powder effectively, but the samples lost their crystallinity. Acetonitrile was 
found to be an optimal solvent since the powders were sparingly soluble, thereby enabling impurities to be washed away while also 
separating aggregated particles without significantly affecting or destroying the microcrystals. The grids were flash-frozen by plunging 
into LN2 and subsequently cryo-transferred into the TEM for investigation, after pin-pointing the rim of the pre-clipped EM grid with 
reverse action tweezers. All bright field images and diffraction data were collected on the 200 keV TEM (Thermo-Fisher Talos 
Arctica). Crystals were identified in diffraction mode (Figure S6) and diffraction data from selected crystals was immediately recorded 
as a movie with a 4K×4K CMOS (Thermo-Fisher Ceta) camera. During the exposure, the crystal was continuously rotated in the 
electron beam with a constant  speed of ~0.6° per second over an angular wedge of ~60° between the minimum and maximum tilt 
ranges of -72° to +72° degrees, respectively. Individual crystals were isolated using a select area aperture to reduce the background 
noise contribution and calibrated to an eucentric height to remain within the aperture over the entire tilt range.  To increase the 
completeness of the diffraction data, it was essential to merge data sets from different crystals. Although more than 100 movies were 
obtained from different particles, the preferred orientation of the plate-shaped crystals and the low symmetry space group hindered 
increasing completeness. The diffraction movies were saved as SER files and converted to SMV format using a local script. MicroED 
frames were indexed and integrated in XDS.[7] Integrated data from each crystal were chosen, merged, and scaled in XSCALE.  
Ultimately, diffraction data was merged from 6 crystals to yield a overall completeness of 79.1%. Reflection files were prepared with 
XPREP and the structures were solved by ab initio direct methods in SHELXT, and refined with SHELXL integrated within Olex 2.[8-9] 
Due to the reduced completeness of the diffraction data, densities for some parts of the structure (e.g. one phenyl ring of 1,3,5-


































Figure S5. TEM bright field image from bulk powder. Scale bar: 5 µm. 














Table S4. Data collection and refinement statistics for 2-Ca. 
 
 2-Ca 
Data Collection  
TEM (Voltage eV) Thermo Fisher Arctica (200) 
Wavelength (Å) 0.025079 
Number of crystals 6 
  
Data Processing  
Space group P-1 
Unit cell length (Å) 13.65, 16.93, 17.37 
Unit cell angles (°) 91.722, 103.82, 107.16 
Resolution (Å) 1.00 
Measured reflections 29776 
Unique reflections 6110 
Redundancy 4.9 
Robs (%) 16.0 
Rmeas (%) 17.8 
I/σ 4.39 
CC1/2 (%) 98.9 
Completeness (%) 79.1 
  
Structure refinement  















Magnetic susceptibility measurements were carried on a Quantum Design MPMS 3 instrument running MPMS Multivu software. 
Crystalline samples were powdered and suspended in clear plastic straws in polycarbonate capsules. Data were recorded at 0.2 T 
from 2−300 K. Fitting simulations were performed using PHI.[10] 
 
 
Figure S7. (left) Magnetization data of 2-Ca with fit assuming D = 1.4 cm−1. (right) Magnetization data of 2-Ca with fit using the value 
of D = 0.3 cm−1 determined from EPR and contributions from intermolecular interactions (mean field model): TIP = 5∙10−4 emu mol−1, 
zJ = −0.03 cm−1. 
 
 
Figure S8. (left) χT vs. T plot of complexes 2-Ca and 2-Y, showing that both have S = 5/2 ground states. (right) Fit of the χT vs. T 























X-band CW-EPR spectra were acquired at the Caltech EPR facility on a Bruker (Billerica, MA) EMX spectrometer using Bruker Win-
EPR software (ver. 3.0). Temperature control was achieved using liquid helium and an Oxford Instruments (Oxford, UK) ESR-900 
cryogen flow cryostat and an ITC-503 temperature controller. Spectra were simulated using EasySpin[11] (release 5.2.27) with Matlab 
R2017a. 
Data acquisition parameters:  
2-Ca: freq = 9.3663 MHz, power = 20 mW, conversion time = 82 ms, modulation amplitude = 8 G.  
3-Ca: freq = 9.6399 MHz, power = 8 mW, conversion time = 10 ms, modulation amplitude = 8 G.  
4-Ca: freq = 9.6371 MHz, power = 8 mW, conversion time = 82 ms, modulation amplitude = 4 G. 
2-Y: freq = 9.638263 MHz, power = 8 mW, conversion time = 82 ms, modulation amplitude = 4 G. 
 
 




Figure S10. (Left) Comparison of the X-band spectra of 2-Ca and 2-Y. (Right) Simulation for 2-Y, S = 5/2, g = 1.98, D = −0.32 cm−1, 
E/D = 0.065. 




D-band EPR spectroscopy 
 
High-frequency (130 GHz) experiments were performed at the CalEPR facility in the Britt lab at the University of California, Davis 
using a recently redesigned home-built 130 GHz EPR spectrometer equipped with an Oxford Instruments CF-935 liquid helium 
cryostat and an ITC-503 temperature controller.[12] The spectrometer is equipped with an 8 T cryogen-free magnet (Cryogenic Limited, 
UK). All data were acquired using a TE011 mode cylindrical resonant cavity designed and manufactured by HF EPR Instruments, Inc. 
(V. Krymov, New York).[13] Spectrometer control is achieved using the SpecMan software.[14] Electron-spin echo (ESE) detected field-
swept spectra were collected using a Hahn echo sequence: p/2 – τ − p − τ − echo. The length of the microwave pulse p was set to 40 
ns and the interpulse delay τ was set to 240 ns. The ESE-EPR spectrum in Figure S11 represents 1000 averages (1000 shots per 




Figure S11. Pseudomodulated (derivative-like) D-band frozen solution EPR spectrum of 4-Ca collected at 7 K (black trace) and 
corresponding simulation (red trace). Simulation parameters: S = 9/2, g = 1.99, D = 0.1 cm–1, E/D = 0.11. 
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